Introduction 34
The action potential (AP) firing pattern or "spike code" as typically measured from the soma is a 35 gold standard for neural excitability within circuits. However, at presynaptic terminals the quantitative re-36 lationship between the input AP spike code and the magnitude of exocytosis, or vesicle fusion events per 37 AP, can rapidly change due to stimulation frequency or firing pattern. Increased firing frequency can sig-38 nificantly increase the number of vesicles that fuse from an identical number of APs. This phenomenon is 39 known as short-term synaptic facilitation, which can significantly enhance information transfer at synapses 40 influencing several aspects of learning and memory (1). Thus, it is important to completely understand the 41 underlying molecular and cellular mechanisms of synaptic facilitation. 42
A critical initial step in exocytosis is the arrival of APsynat boutons, whose waveform can exhibit 43 plasticity based on firing frequency. Repetitive firing may cause inactivation of axonal voltage-gated 44 sodium channels (Nav) and voltage-gated potassium (Kv) channels that control the depolarization and 45 hyperpolarization of the waveform respectively. Kv inactivation primarily leads to an increase in AP width 46 or broadening (2-9). The width of the APsyn controls the fraction of time that Ca 2+ channels open and the 47 driving force of Ca 2+ entry (10). The highly nonlinear influence of Ca 2+ on exocytosis (11, 12) thus dictates 48 that modest APsyn broadening has the potential to critically impact synaptic facilitation (13) (14) (15) . Indeed, 49 APsyn broadening during repetitive firing has been demonstrated to cause the facilitation of exocytosis in 50 the pituitary nerve (3), dorsal root ganglion (16) and mossy fiber bouton (2), all due to Kv channel 51 inactivation. However, the APsyn waveform in Purkinje Cells has also been shown to undergo frequency-52 dependent decreases in amplitude that substantially contributes to synaptic depression (17) . Therefore, it is 53 best to consider the APsyn as a plastic signal that can powerfully modulate exocytosis bidirectionally, rather 54 than a digital spike soley acting as an initiation signal. We therefore reason that the somatic AP has proven 55 to be a poor predictor of exocytosis magnitude as a result of a failure to resolve the APsyn waveform and its 56 molecular regulators in the majority of brain regions. 57
Investigating the molecular regulation of APsyn in the common en passant nerve terminals of the 58 cortex and hippocampus remains elusive due to the small size of these structures (<1 µm), which makes 59 them inaccessible for whole-cell patch clamp recording. Our group has overcome this barrier by pioneering 60 the use of genetically-encoded rhodopsin-based voltage indicators to measure APsyn in en passant terminals 61 of inhibitory and excitatory hippocampal neurons. Here we demonstrate a striking contrast between 62 faciltating excitatory and depressing inhibitory nerve terminals in the hippocampus. We discovered that 63 excitatory terminals are uniquely enriched with a comination of Kv1.1/1.2 heteromers and Kvβ1 subunits. 64
This combination of Kv subunits causes rapid APsyn broadening during brief periods of high-frequency fir-65 ing. This broadening was essential for enabling synaptic facilitation without altering initial exocytosis. 66
Taken together, these results suggest that the molecular control of presynaptic Kv channel inactivation is an 67 important modulator of synaptic facilitation upstream of vesicle release machinery. 68
69

Results
70
Previously, our measurements of the APsyn in hippocampal neurons found a very high ratio of Kv 71
to Nav channels, with Kv1.1/1.2 channels dominating repolarization (18). We measured the sensitivity of 72 exocytosis to changes in Kv1.1/1.2 conductance using an optical probe of exocytosis (vGLUT1-pHluorin; 73 vG-pH) (12, 19) . Blockade of Kv1.1/1.2 channels by application of dendrotoxin-κ (DTX) greatly enhanced 74 exocytosis in excitatory hippocampal nerve terminals by 61±18% when stimulated with 1 AP ( Figure 1A -75 B). The sensitivity of exocytosis to DTX application was mirrored in the optical recordings of the APsyn 76 from neurons expressing the indicator QuasAr (20), with a characteristic broadening as measured by the 77 full-width at half max (FWHM) of the waveform (30±4%) ( Figure 1C -D) in agreement with previous 78 findings (18). We measured this phenomenon in both excitatory and inhibitory neurons of the hippocampus 79 without prior knowledge of their identity. Interestingly, the inhibitory neurons did not display any 80 sensitivity to DTX-treatment as assayed by exocytosis (Figure 1E-F) . Furthermore, the APsyn waveform 81 displayed no changes in amplitude or width from DTX treatment (Figure 1G-H) . We confirmed the identity 82 of neurons after measuring exocytosis or APsyn waveform as excitatory or inhibitory using a fluorescent 83 antibody directed against the lumenal domain of the vesicular GABA transporter (vGAT) as previously 84 described (21) with example recordings for both cell types shown in Figures 1I-J. Taken together these 85 experiments demonstrate a very selective enrichment of presynaptic enrichment of Kv1 channels in 86 excitatory nerve terminals of hippocampal neurons. 87
88
We hypothesized that terminals enriched with Kv1.1/1.2 channels might exhibit APsyn broadening 89 during high frequency (>10 Hz) stimulation due to Kv1 channel inactivation. We observed a robust (39±4%) 90 broadening during a train of stimulation with 100 APs stimulated at 50 Hz (Figure 2A) , with example 91 binned recordings of the APsyn shown in Figure 2B and the corresponding quantifications of the FWHM in 92 Figure 2C . Next, we examined if APsyn broadening also took place in short paired-pulse stimulation 93 protocols associated with synaptic facilitation. We measured the FWHM of the APsyn waveform during 94 paired-pulse stimulation to compare how stable the shape of the waveform is across basal firing rates (4-10 95
Hz) and those typically associated with facilitation (50 Hz) (22, 23) ( Figure 2D-E) . The FWHM paired-96 pulse ratio is plotted as a function of the inter-spike interval in Figure 2F demonstrating that APsyn 97 broadening is reliably triggered by stimulation frequencies of 50 Hz. These results suggest that terminals 98 enriched with Kv1.1/1.2 channels in presynaptic terminals undergo frequency-dependent broadening of the 99 APsyn even in minimal conditions of paired-pulse stimulation that could influence vesicle fusion. 100 101 While many changes in ionic conductances could underly the rapid broadening of APsyn during 102 stimulation, the most suggestive possibility from the previous experiments was that frequency-dependent 103
Kv1.1/1.2 channel inactivation was responsible for broadening. The dominant mechanism of Kv1 family 104 channel inactivation is the "ball-and-chain" mechanism, in which the N-terminal structures of either the K + 105 channel's α or β subunits occlude the channel pore from the cytosol (24-26) ( Figure 3A) . Kv1.1/1.2 106 channels are known to most prominently undergo inactivation when associated with cytosolic β subunits 107 (27). As such, we investigated the role of the Kvβ1 subunit for AP broadening using shRNA ( Figure 3B -108 C). We combined shRNA targeting the Kvβ1 subunits with QuasAr to determine the involvement of 109 Kv1.1/1.2 inactivation through the β-subunit in the broadening of the APsyn during paired-pulse stimulation. 110
The average waveforms are shown for excitatory neurons expressing scrambled shRNA (WT; Figure 3D ) 111 or shRNA directed against Kvβ1 (Kvβ1KD; Figure 3E ). We also combined Kvβ1KD with expression of a 112 human variant of Kvβ1 to rescue KD expression levels and check for off-target effects of KD (hKvβ1; 113 Figure 3F ). Genetic depletion of Kvβ1 not only stopped AP broadening, but also caused a small amount 114 of narrowing (-7.0±2.6% in the FWHM) compared to control and rescue terminals (+10.4±4.1% and 115 =8.9±2.6% in the FWHM) ( Figure 3G ). This decrease in FWHM was accompanied by a more prominent 116 hyperpolarization in KD neurons (Figure 3D-F) and an overall relative decrease (~11%) in presynaptic AP 117 amplitude (Figure 3H ), suggesting an enhancement of presynaptic Kv1 currents without expression of Kvβ1 118 present. We used vG-pH to investigate the consequences of these changes in APsyn broadening on the 119 facilitation or depression of exocytosis ( Figure 3I ). We found that control (WT) terminals displayed a 120 42±10% increase in exocytosis (paired-pulse ratio of vG-pH is 1.42; facilitation > 1) when comparing 121 stimulation from paired-pulses at 50 Hz to a single AP, but this enhancement or facilitation in vesicle fusion 122 was completely abolished in Kvβ1 KD neurons (-9±8%; Figure 3J ). We were curious if the inhibitory nerve 123 terminals that do not contain Kv1 channels underwent frequency dependent broadening of APsyn. We found 124 that inhibitory nerve terminals mimicked the excitatory Kvβ1 KD terminals and exhibited paired-pulse 125 narrowing of the APsyn (Figures S1A-B) . Furthermore, when we found that this APsyn narrowing was also 126 accompanied by depression of neurotransmission during 50 Hz stimluation (vG-pH ratio < 1) akin to Kvβ1 127 KD excitatory neurons (Figure S1C-D) . Taken together, these results indicate that Kvβ1 subunits play a 128 critical role in AP broadening of excitatory nerve terminals during paired-pulse stimulation and suggest an 129 important modulatory role for presynaptic Kv1.1/1.2 currents in facilitating glutamate release. 130
131
Hippocampal neurons typically fire in short bursts of APs during physiological conditions (28), so 132 we next examined the contribution of Kvβ1-mediated Kv1.1/1.2 inactivation during synaptic transmission 133 consisting of ten electrical pulses delivered at 4 Hz or 50 Hz. We found that WT neurons displayed robust 134 facilitation at 50 Hz stimulation ( Figure 4A) . However, we observed no facilitation for Kvβ1 KD neurons, Figure 4F ). We hypothesized that the loss of Kvβ1-mediated 142 broadening of APsyn could lead to the opening of fewer presynaptic Ca 2+ channels and impaired net Ca 2+ 143 entry during high frequency stimulation. We tested this hypothesis using a cytosolic version of GCaMP6f 144 and measured changes in presynaptic [Ca 2+ ]i during stimulation with 10 APs at 50 Hz for control (gray; 145 Figure 4G ) and Kvβ1 KD (orange; Figure 4H ). Here we found that the presynaptic Ca 2+ signal was 146 strongly reduced (>50%) during trains of stimulation at 50 Hz for Kvβ1 KD neurons ( Figure 4I ). We also 147 created bicistronic expression vectors to measure voltage paired with Ca 2+ or vesicle fusion in single nerve 148 terminals. These measurements had limited signal to noise under such restrictions, but showed a clear 149 correlation between APsyn broadening and vesicle fusion during paired-pulse stimulation, but not total Ca 2+ 150 in these limited measurements (Figure S3A-L) . Critically, the magnitude of vesicle fusion elicited by a 151 single AP in all conditions was not altered by the loss of Kvβ1 or stimulation at 4 Hz frquency suggesting 152 that release probability and vesicle fusion machinery are intact, but that the APsyn itself is a major modulator 153 of faciltiation or depression. As such, these results indicate that minor changes in APsyn broadening by loss 154 of Kvβ1-mediated Kv1 inactivation had a large cumulative impact on integrated [Ca 2+ ]i and synaptic 155 facilitation during physiological patterns of activity. 156 157
Discussion 158
Our central finding is that a necessary mechanism of synaptic facilitation in excitatory hippocampal 159 neurons is APsyn broadening. We find the surprisingly rapid frequency-dependent broadening of APsyn is 160 enabled by a unique molecular combination of Kv1.1/1.2 channels with the Kvβ1 subunit. Indeed, this small 161 broadening of the APsyn mediated by Kvβ1 has a tremendous impact on synaptic transmission as the loss of 162 the Kvβ1 subunit blocks synaptic facilitation without altering initial vesicle fusion (Figure 3-4) . We believe 163 that the conditions of APsyn broadening works to facilitate exocytosis through a host of additional molecular 164 interactions that minimally include downstream Ca 2+ sensors and enzymes, but that Kv1 inactivation repre-165 sents a critical initial step to enable facilitation. This combination of Kv1 isoforms and subunits is not a 166 ubiquitous system and even in cultured hippocampal neurons as inhibitory neurons even within the hippo-167 campal culture demonstrated substantially different modulation of APsyn and presynaptic Kv isoform en-168 richment (Figure 2) . As such, we believe a detailed accounting of the channels responsible for the APsyn 169 shape across axons and associated terminals in various neural cell types could be an important contribution 170 to our understanding of short-term synaptic plasticity and circuit dynamics. A central limitation of this study 171 is that high-resolution optical measurement of APsyn in hippocampal neurons are limited to in vitro meas-172 urements. Nevertheless, we believe this well-studied model for presynaptic function will translate into un-173 derstanding how APsyn relates to short-term plasticity and learning and memory in vivo such as those pre-174 viously reported for the Kvβ1 knockout mouse (29). 175
Forms of synaptic enhancement, such as facilitation, augmentation, and post-tetanic potentiation, 176 are usually attributed to effects of a residual elevation in presynaptic [Ca( 2+ )]i, acting on one or more 177 molecular targets (Zucker 2002). In the latter regard, a critical specialized high-affinity Ca 2+ sensor 178 synaptotagmin 7 (Syt-7) (30) was identified to be required for facilitation in several regions of the brain 179 including the hippocampus (28). However, subsequent studies have identified several other neural cell types 180 that exhibit synaptic depression also have prominent levels of . Taken together, these 181 experiments suggest Syt-7 produces facilitation in coordination with other molecular cascades that remain 182 to be determined. Our data suggest that part of this coordination is upstream of Ca 2+ sensing and vesicle 183 release machinery. A widely accepted, but difficult-to-test model of facilitation attributes the enhancement 184 of exocytosis to residual Ca 2+ buildup during high frequency stimulation. En passant terminals like those 185 in the cortex and hippocampus have been shown to have very efficient clearance of Ca 2+ by diffusion thanks 186 to abundant adjacent axonal volume unlike larger single terminals such as the Calyx of Held (35). One 187 identified mechanism for this enhancment of intacellular Ca 2+ during high-frequency stimulation is activity 188 dependent activation of Cav channels (36). However this does not seem to be relevant in hippocampal 189 neurons at physiological temperatures (37) like the ones we used in our experiments. We measured Ca 2+ in 190 control and Kvβ1 KD neurons and found that substantial build up of global [Ca 2+ ]i is strongly enhanced by 191
APsyn broadening when measured during physiological trains of stimulation (Figure 4) . We speculate that 192 this is especially critial in light of efficient Ca 2+ extrusion coupled with the low overshoot (+7 mV) of the 193 excitatory APsyn that will typically only open a fraction of available presynaptic Ca 2+ channels, a 194 phenomenon we have previously identified in excitatory terminals of the hippocampus (18). Thus APsyn 195 broadening may be a particuarly efficient mechanism for facilitation in en passant boutons in general. 196
While we demonstrate that APsyn broadening mediated by Kv1 inactivation is essential for 197 facilitation in excitatory hippocampal neurons, we do not believe it is conserved across all terminals as 198 demonstrated by our measurements in inhibitory neurons (Figure 2) . Interestingly, it appears that without 199 This activation of Kv channels could be a very useful property for neurons that typically exhibit high firing 204
rates such as PV neurons to depress exocytosis and to maintain a supply of vesicles as well as the timing of 205 neurotransmitter release. This also seemed to be the case in Purkinje cell terminals that who frequency-206 dependent attenuation of APsyn at larger terminals synapsing with deep cerebellar nuclei (17). The 207 mechanisms that activate Kv channels are not fully resolved at present and may involve the recruitment of 208 Ca 2+ sensitive K + channels such as SK and BK channels. What is clear is that K + channel inactivation 209 during physiological stimulation is not inherent and in the case of some Kv1 channels (Kv1.1 and 1.2 210 heteromers) requires binding partners. Here we identified the Kvβ1 subunit as a powerful modulator of 211 exocytosis and synaptic facilitation. Kv1 channel inactivation by the Kvβ subunit is well conserved with the 212 respective fly homologues of Shaker and Hyperkinetic found in Drosophila to act in a similar manner (39). 213
Additionally, impaired inactivation of Kv1 channels was also identified as a presynaptic channelopathy of 214 ataxia, which combined with our findings could suggest a broad importance across several circuits in the 215 brain (40). Previous behavioral experiments in mouse identified the Kvβ1 subunits as critical for many 216 memory tasks in Kvβ1 knockout mice (29), we believe our findings may be mechanistically helpful to 217 understanding this phenotype. Slice recordings in this knockout mouse did not show impaired facilitation. 218
However, we point out that a critical difference between these measurements and ours was the temperature 219 of the recordings in slice were peformed at room temperature unlike what we report here at physiological 220 temperatures (>34°C). We believe our data provide evidence that the APsyn waveform is a critical modulator 221 of synaptic facilitation in excitatory nerve terminals and that further study of presynaptic K + channels is 222 warranted across neuronal cell types. 223 224 225
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Materials and Methods 308
Cell culture and transfection 309
Primary hippocampal neurons from postnatal day 1 Sprague Dawley rats of either sex were cultured as 310 described previously (Cho 2017). Hippocampal CA1-CA3 regions were digested with trypsin for 5 min at 311 room temperature and dissociated into single cells. Cells were seeded inside a 6 mm diameter cloning 312 cylinder on polyornithine-coated coverslips. Plasmids were transfected into 5 -6 DIV (Days in Vitro) 313 neurons with calcium-phosphate precipitants. All animal protocols were approved by Dartmouth 314
College's Institutional Animal Care and Use Committee (IACUC protocol number 0002115). 315
Plasmids 316
QuasAr constructs and vGlut-pHluorin were obtained as described previously (41), respectively. To 317 measure membrane potential and Ca 2+ influx/vesicle fusion in the same cell, we designed a QuasAr-P2A-318
GCaMP/QuasAr-P2A-vGlut-pHluorin by inserting QuasAr fused to P2A peptide synthesized using 319
GeneArt Gene Synthesis (Invitrogen) and GCaMP/vGlut-pHluorin under the human Synapsin1 promoter, 320 inducing independent expression of two different proteins in neurons. We validated that QuasAr and 321
GCaMP/vGlut-pHluorin were co-expressed in the same cells through immunostaining assay and many 322 repetitive experiments. To knock-down endogenous Kvβ1 expression, shRNA plasmids were obtained 323 from OriGene against the following mRNA target sequences: 324 GCTTGGTCATCACAACCAAACTCTACTGG. For rescue experiments in Kvβ1 knockdown neurons, 325 human Kvβ1.1 fused to P2A peptide synthesized using GeneArt Gene Synthesis was inserted into pFCK-326
QuasAr plasmid to induce independent expression of QuasAr and human Kvβ1.1 in neurons. 327
Antibodies and Reagents 328
Chicken polyclonal anti-GFP and rabbit polyclonal anti-mCherry were purchased from Invitrogen. Rabbit 329 polyclonal anti-vGAT-Alexa 550 and mouse monoclonal anti-Synapsin1 were obtained from Synaptic 330 Systems. Mouse monoclonal anti-Kvβ1.1 was purchased from Neuromab. Alexa Fluor 488-, 546-, and 331 647-conjugated goat anti-rabbit, anti-mouse, anti-Chicken and anti-guinea pig IgG were from Thermo 332 Fisher Scientific. Dendrotoxin-k was purchased from Alomone (Israel). 333
Live cell imaging 334
All live imaging experiments were set up as previously described (42, 43) . Briefly, images were obtained 335 using an Olympus microscope (IX-83) equipped with a 40x 1.35 NA oil immersion objective 336 (UApoN40XO340-2) and captured with an IXON Ultra 897 EMCCD (Andor). Coverslips were mounted 337 in a laminar-flow perfusion and stimulation chamber on the stage of the microscope. Cells were perfused 338 continuously at a rate of 400 μl/min in Tyrode solution containing the following (in mM): 119 NaCl, 2.5 339 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, and 30 glucose with 10 μM CNQX and 50 μM AP5 during 340 experiments. All experiments were performed at 34-35 °C with a custom-built objective heater. 341
For Kv1 channel experiments, dendrodotoxin (DTX) was used at 100 nM concentrations. Cells were 342 incubated with DTX in Tyrode solution for 1 min, followed by perfusion with normal Tyrode solution for 343 additional 1 min and images were taken. 344
For measuring membrane potential, fluorescence of QuasAr was recorded with an exposure time of 980 345 µs and images were acquired at 1 kHz using an optomask (Cairn Research) to prevent light exposure of 346 non-relevant pixels. Cells were illuminated by a 637 nm laser 70 -120 mW (Coherent OBIS laser) with 347 ZET635/20×, ET655lpm and ZT640rdc filters all obtained from Chroma. We repeated more than 100 348 trials to measure axonal AP waveform and averaged the signals, except 10 AP stimulation results in 349 Immunofluorescence 363 To confirm the co-expression of QuasAr and GCaMP or vGlut-pHluorin in the neurons, 14-17 DIV 364 neurons were fixed with 4 % paraformaldehyde and 4% sucrose in PBS for 10 min, permeabilized with 365 0.2% Triton X-100 for 10 min and blocked by 5% goat serum in PBS for 30 min at room temperature. 366
Cells were then incubated with the appropriate primary antibodies and visualized using Alexa Fluor-367 conjugated secondary antibodies in the PBS containing 5% goat serum. Images were obtained using a 368 custom-made fluorescence microscope equipped with 40x oil-immersion objectives and filters described 369 above. 370
Image and data analysis 371
Images were analyzed in ImageJ and Fiji using custom-written plugins 372 (http://rsb.info.nih.gov/ij/plugins/time-series. html). All statistical data are presented as means +/-SEM (n 373 = number of neurons) and all experiments were performed on more than three independent cultures. For 374 examining AP broadening with QuasAr measurement, we used Origin version 9.1. To obtain FWHM of 375 each peak, half maximum of first peak was applied to every peak. For analyzing vesicle fusion of each 376 condition, it was normalized to total number of vesicles measured by ammonium chloride treatment at the 377 end of the experiments. 378
Quantification and statistical analysis 379
Statistical analyses were performed in Excel and Origin. We used paired two sample for means t-test for 380 paired results. Normally distributed data were processed with the Student's t-test for two independent 381 distributions and with a one-way ANOVA followed by Tukey's post hoc comparison for comparing more 382 than two groups to examine statistical significance. We specified the use of these tests and exact sample 383 
